Spermiogenesis
Germ cells differentiate and function to transmit the parental genome to descendant generations. All of the attributes of germ cells that distinguish them from somatic cell lines are related to this prime function. Germ cells differentiate by either oogenesis or spermatogenesis to form eggs and sperm, respectively. Meiosis occurs exclusively in the formation of eggs and sperm and is indispensable for maintaining the species (Tanaka and Baba, 2005) . Another function specific to dividing germ cells is maintenance of chromosome telomere length (Tian et al, 2005) . Telomere length changes gradually through successive mitotic somatic cell divisions, and this ultimately results in cell death.
In male germ cells, many dramatic morphological changes occur during spermatogenesis, especially in haploid spermatids after meiotic division (Russell et al, 1990) . In various mammals, male germ cell differentiation proceeds actively and continuously in the testis after puberty, and sperm are produced throughout adulthood (Russell et al, 1990) . One month of male cell differentiation in mice (2 months in humans) is required for completion of spermatogonial stem cell proliferation and differentiation, meiosis, generation of haploid germ cells, and morphogenesis of the developing sperm in somniferous tubules (Russell et al, 1990) . After meiotic division (during the process of haploid germ cell differentiation, or spermiogenesis), the rounded spermatids undergo marked morphological changes to become sperm: the nucleus assumes a compact shape, the mitochondria are rearranged, the flagellum forms, and the acrosome is generated. During this period of differentiation, which takes about 5 to 6 weeks in humans (Clermont, 1963; Heller and Clermont, 1963) and 2 to 3 weeks in mice (Oakberg, 1956) , haploid germ cells do not divide, but morphogenesis occurs, indicating that some regulatory mechanism arrests the cell cycle. Searching for functional changes in genes and gene products involved in male infertility would increase our understanding of the causes of this problem, and perhaps lead to treatment in some cases. Comprehensive isolation and analysis of haploid germ cell-specific genes showed that a large number of specific molecules are involved in spermiogenesis (Tanaka et al, 1994 (Tanaka et al, , 2002b Fujii et al, 2002) . The most straightforward strategy for elucidating the mechanism of spermatogenesis is to identify and characterize differentiation-specific molecules and their associated genes in germ cells.
Isolation and Characterization of Germ Cell-Specific Molecules
Germ cell-specific molecules were isolated and identified using immunological, biochemical, and molecular biological techniques. Identification of interesting molecules in specific stages of differentiation was performed by a variety of techniques, including twodimensional gel electrophoresis (Padma et al, 2003) , isolation of polyclonal or monoclonal antibodies recognizing specific stages of germ cells (Figure 1 ), cDNA cloning from testicular cDNA libraries or cDNA databases in silico (Rajkovic et al, 2001; Hong et al, 2005) , and microarray techniques (Shima et al, 2004) . Isolation of cDNAs and characterization of encoded proteins that are specifically expressed at different steps in germ cell development should help elucidate mechanisms of spermatogenesis. We cloned and characterized germ cell-specific genes of mice using antibodies and cDNA subtraction methods (Tanaka et al, 2002b) (Figure 2 ), together with human orthologs (Tanaka et al, 1994; Fujii et al, 2002) .
Haploid germ cells differentiate into sperm through assuming a new morphology, losing cytoplasm, and limiting metabolism in comparison with other types of cells. However, specific gene products in haploid germ cells include not only sperm-specific proteins, such as those involved in flagellum formation, but also products concerned with cell maintenance functions (eg, signal transduction and energy metabolism). Recently, it was discovered that a group of isozymes other than the enzymes in somatic cells functions in the glycolytic pathway during spermiogenesis (Miki et al, 2004) . We also identified the testis-specific homolog of succinyl coenzyme A (CoA): 3-oxo acid CoA transferase (Scot-t) in the ketone body metabolism pathway (Koga et al, 
2000)
. While this is very interesting, it is not clear why an energy metabolic enzyme different from that in somatic cells functions only in germ cells.
The identification of germ cell-specific genes showed that many genes are expressed in differentiated spermatids, although the nuclei are compacted and most of the cytoplasm is lost in spermiogenesis. The chromatin status can be distinguished by using different covalent modifications of histones or histone variants in spermiogenesis. The chromatin associated with transcriptionally active loci becomes enriched in histones with lysine modifications. Because haploid germ cells lack general histones, they may be difficult to regulate using a conventional histone code in which histone modification of the chromatin regulates gene expression (Fischle et al, 2003) . It is likely that some specific mechanisms act to conserve an unusually large number of intronless genes (described later) in haploid germ cell-specific expression. Further detailed studies of other haploid germ cell-specific genes may resolve these particular issues. Germ cell-specific genes have proven to be an extremely interesting genomic feature of the evolutionary process, and it would be very rewarding to elucidate the relationship between the frequency of male infertility and the genomic characteristics of germ cell-specific genes.
Genomic Construction of Germ Cell-Specific Genes
The identity and genomic structures of germ cellspecific genes have been clarified, and many haploid germ cell-specific genes have been found to lack introns. The reported intronless germ cell-specific genes are shown in Table 1 . The 59 upstream and 39 downstream noncoding genomic regions of some of these genes have been sequenced (Yoshimura et al, , 2001 Tanaka et al, 2002a) . The results indicated that intronless germ cell-specific genes were derived from ancestral genes via the movement of retroposons. Retroposition is an important mechanism for copying genes, and it has produced a large number of functional genes during mammalian genome evolution. There are approximately 100 functional retrotransposed genes on human and mouse chromosomes (Emerson et al, 2004) , and gene loss and gain from X chromosomes via retroposition occurs more readily than on autosomes (Emerson et al, 2004) . Furthermore, many genes located on the X chromosome are expressed in germ cells (Wang et al, 2001 ). The X chromosome plays a prominent role in the premeiotic stages of mammalian spermatogenesis. There are three Y-linked and ten Xlinked genes among 25 expressed specifically in mouse spermatogonia (Wang et al, 2001 ). However, mouse haploid germ cell-specific genes are scattered through- out the genome, and are present on autosomes as well as on sex chromosomes. Thus, the candidate causal genes of male infertility may occur on both autosomes and sex chromosomes. Phosphoglycerate kinases (PGK) are important for maintenance of metabolism in many cell types. Intronless genes on autosomes, such as phosphoglycerate kinase 2 (PGK-2), are expressed specifically in testicular germ cells (McCarrey and Thomas, 1987) . PGK-2 is believed to be derived from the transposon-mediated reverse transcription of ancestral genes on the X chromosome. Retrotransposition from the X chromosome provides a means of escaping X chromosome inactivation during spermatogenesis (McCarrey and Thomas, 1987) . Recently, the UTP14b gene (Rohozinski and Bishop, 2004) on mouse chromosome 1 was identified as a derivative of mUTP14a. Further examination and comparison of the genomic sequences of human and other mammals have revealed how retroposition occurred in germ cells at some point after the phylogenetic separation of mammals.
Single-Nucleotide Polymorphisms (SNPs) or Mutation Analyses of Germ Cell-Specific Genes
Approximately 15% of couples attempting to conceive over a two-year period are unsuccessful (de Kretser and Baker, 1999) . The causal frequency of male and female infertility is equal. More than half of male infertility has uncertain causes and is thus idiopathic. In vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) are used to treat infertility, even when the cause is uncertain. Recently, testicular sperm extraction (TESE) with ICSI (TESE 5 ICSI) has become the first-line treatment for azoospermic male infertility in both nonobstructive and obstructive azoospermia (Tsujimura et al, 2002) . However, knowing the cause of infertility is important in order to develop better remedies.
The so-called Azoospermia Factor gene (AZF ) is located on the Y chromosome. The long arm of the Y chromosome contains at least 3 distinct deletion intervals that have been named AZFa, AZFb, and AZFc (Vogt et al, 2005) . Molecular techniques are much better able to identify these microdeletions than cytogenetic approaches. In nature, an infertility mutation on the Y chromosome is not transmitted to the next generation, because pregnancy does not occur. However, these mutations can be transmitted to male offspring through the use of assisted reproductive technologies (ART), either IVF or ICSI, and would cause male infertility in the offspring. If the effects of an autosomal mutation are not dominant, the recessive mutation can be inherited by the next generation, and under certain conditions can produce infertility. Even a dominant negative autosomal mutation that affects spermiogenesis can, in theory, be transferred to the next generation via females. The function and expression of the genes and gene products might be changed by polymorphisms on chromosomes. It may also be possible to induce infertility by combining polymorphisms in different genes. Moreover, polymorphisms of genes expressed ubiquitously in somatic cells could also contribute to infertility. However, to be an effective cause of infertility, this mechanism requires that there be no defects in the somatic cells, and we consider this to be an extremely rare circumstance. Thus, when seeking male infertility genes, the first step should be to examine polymorphisms or mutations in male germ cell-specific genes.
Since almost all mouse male germ cell-specific genes have human orthologs, it is possible to isolate and characterize the counterparts of human genes. Mutations or loss of function in some of male germ cellspecific genes in men should give rise to male infertility. One strategy is to examine and compare the whole DNA sequences of these genes in fertile and infertile men. Mutations in housekeeping genes would result in a loss of function, thereby affecting embryogenesis or somatic cell functions, which could lead to defects or some illness. In contrast, even if the germ cell-specific genes were totally defective, the phenotype would be limited to germ cells, and the only repercussion would be infertility. Thus, we examined SNPs or detect mutations by direct DNA sequencing of the PCR products of chromosomal DNA from blood samples.
As a starting point, we examined the relationship between variation in nuclear proteins specifically expressed in spermiogenesis and human male infertility. During spermiogenesis, round spermatids undergo complex morphological, biochemical, and physiological modifications that result in the formation of mature spermatozoa. The sperm nucleus also undergoes marked rearrangement, which involves the removal of histones and their replacement by various nuclear proteins. Finally, the DNA of human male gametes is highly condensed in the sperm head through the activity of highly positively charged protamines (PRMs). The replacement of histones and the deposition of protamines are supported by different nuclear proteins, including transition nuclear proteins, which have a major role in remodeling chromatin. Almost all of these basic nuclear proteins, including PRMs, are derived from histone H1 and have undergone complex modifications in the evolution of mammals (Tanaka and Baba, 2005) .
Azoospermia and oligospermia patients were examined for SNPs through analyses of PRMs, TNPs, and HANP1 (Figure 3) . Analysis of human PRM1 and PRM2 gene sequences of 226 sterile male patients and 270 proven-fertile male volunteers revealed 4 single nucleotide polymorphisms (SNPs) in the PRM1 coding region, which did not cause any amino acid substitutions, and 1 SNP in the PRM2 gene, which produced translation termination (Tanaka et al, 2003a) . Although the PRM1 and PRM2 genes are highly conserved, the single SNP in the PRM2 gene inducing translation termination may result in male infertility, due to haploinsufficiency of PRM2 (Cho et al, 2001) .
Analysis of the human TNP1 and TNP2 gene sequences in 282 sterile male patients and 270 (TNP1) and 266 (TNP2) proven-fertile male volunteers revealed 5 amino acid substitutions caused by single nucleotide polymorphisms in the open reading frame (ORF) of TNP2. In addition, a 15-nucleotide deletion, which encompasses the CRE motif, was found in the 59 promoter region of TNP1 in infertile men (Miyagawa et al, 2005) . This deletion mutation should introduce much depression in TNP1 gene expression. In general, loss of the TNP1 or TNP2 gene does not lead to complete male infertility in mice (Yu et al, 2000; Zhao et al, 2001) , although some TNP1-deficient mice showed infertility (Meistrich et al, 2003) . The loss of both TNP1 and TNP2 results in reduced litter sizes (Zhao et al, 2004) . Although TP1 protein has been shown to play some important roles in mouse spermiogenesis, its functions in human sperm formation are not yet fully understood. The 15-nucleotide deletion in the promoter region would cause reduction of TNP1 expression, and should cause human male infertility. Even though some single nucleotide polymorphism would not cause a deletions effect on fertility, it is possible to induce infertility by combining some additional polymorphisms in other genes.
Hanp1 encodes a histone H1-like protein. Homozygous Hanp1 mutant male mice are infertile, while (Engel et al, 1992) . The middle bar indicates the TNP1 gene on genomic DNA of 2q36-36 (Luerssen et al, 1990) . The lower bar indicates the HANP1 gene on genomic DNA of 12q13.11 (Tanaka et al, 2006) . Boxes indicate regions transcribed as mRNA. Shadowed boxes indicate introns. The DNA sequences of infertile patients are shown in the middle boxes (Tanaka et al, 2003a; Miyagawa et al, 2005) . The C248T alteration in PRM2 induced a nonsense codon under conditions of heterozygosity (right box). A deletion of 15 nucleotides, which encompassed the recognition site for the CRE transcription factor, was found in the 59 promoter region of the TNP1 gene under conditions of heterozygosity (left box).
females are fertile. Although a substantial number of sperm can be recovered from the epididymides of these infertile males, the shape and function of sperm are abnormal. HANP1 protein is essential for nuclear formation in functional spermatozoa, and is specifically involved in the replacement of histones with protamines during spermiogenesis (Martianov et al, 2005; . If 1 allele of the haploid germ cell-specific Hanp1 has a mutation, the phenotype of sperm is normal and functional. The allele of the Hanp1 mutation in the heterozygous condition is inherited in a Mendelian manner (since haploid cells are connected to each other by a cytoplasmic bridge to exchange macromolecules such as protein and mRNA; Morales et al, 1998) . Analysis of human Hanp1 sequences in 226 sterile male patients and 270 proven-fertile male volunteers revealed 5 SNPs in the coding region that introduce amino acid changes (Tanaka et al, 2006) . However, the prevalence of these 5 SNPs did not differ significantly between our infertile and proven-fertile clinical cases. Some human cases with deficient HANP1 will likely suffer teratozoospermia in the same way as KO mice.
Many forms of partial deletion occur on the Y chromosome in male infertility cases (Hopps et al, 2003) . These deletions associated with infertility in nature cannot be inherited (Silber and Repping, 2002) . Most infertile males do not show any mutations or deletions on the Y chromosome relating to infertility. Mutations of the PRM and TNP genes located on autosomes were found to be the cause of male sterility in 1 of 200 to 300 Japanese male infertility cases we examined. Although the frequency of a single SNP is lower than the rate of mutation on the Y chromosome in infertile males, changes in many haploid germ cell-specific genes should be considered as causes of genomic male infertility (Tanaka et al, 2003a; Miygawa et al, 2005; Singh et al, 2005) . If haploid germ cell-specific genes are located on autosomes, sterile mutations can be transferred to progeny via the mothers. Alternatively, autosomal mutations may disappear during gametogenic meiosis, creating an interesting and delicate balance. These considerations are of important concern when treating infertility by IVF or ICSI. Although a few SNPs associated with male infertility have been found in some clinical samples, the data are too few for explaining all male infertility. Further study is needed to clarify the frequency of these mutations and genomic changes in other genes in larger human samples.
We cloned the haploid germ cell-specific genes group using cDNA subtraction methods and have been characterizing these genes (Fujii et al, 2002) . They take part not only in haploid germ cell-specific differentiation, such as formation of the sperm flagellum, but also in various maintenance functions of the cell, such as signal transduction and energy metabolism. Also, these genes are scattered over all chromosomes, and their construction resembles that of intronless genes. It is generally understood that mutation of these genes causes human infertility. Finally, we need to deepen our understanding of the roles of specific molecules in spermatogenesis and of the phenotypes that result from loss of function in these molecules.
